T he radiographic analysis of the sagittal plane has become a critical part of the clinical evaluation and surgical care of spine patients. Much of the current knowledge of the sagittal plane can be traced to the work of Jean Dubousset and his theory of the conus of economy. According to Dubousset, the normal human posture assumes a stance limited to a narrow anterior-posterior range to minimize muscle exertion.
spinal column, as a cascade of compensatory mechanisms is recruited to counteract spinal sagittal malalignment. 2 Mechanisms such as thoracic hypokyphosis, hip extension (pelvic retroversion around the hip joint), and increased flexion of the knee and ankle are commonly recruited. 10, 16 The combination of sagittal spinal deformity and pelvic/lower limb compensation results in an alignment in which the trunk is tilted anteriorly while the pelvis translates posterior to the gravity line. 17 These phenomena function to counteract the sagittal deformity by keeping the center of gravity over a narrow area between the feet. 3 Many radiographic parameters must be analyzed to characterize the most extreme states of deformity, in which pelvic and subpelvic components are involved in compensation.
Lafage et al. 10 found that the inability to recruit compensatory mechanisms worsens the clinical impact of sagittal deformity. They demonstrated that there is a subset of patients with sagittal malalignment in whom recruitment of pelvic retroversion failed; these patients were subsequently more disabled than those in whom the pelvis was able to compensate. However, these results were not investigated using full-standing radiographs, and thus were unable to unmask additional lower-extremity compensatory mechanisms.
In the era of advanced imaging techniques, it is important to investigate new parameters to reflect various levels of deformity. These parameters may provide the ability to distinguish between patients with similar deformities but different methods of compensation. Finally, given the time constraints in a busy clinical practice, a simple measure may be beneficial as a screening tool to provide rapid assessment of the global sagittal plane without extensive analysis of multiple parameters. This study investigated the clinical relevance of the global sagittal axis (GSA). The authors hypothesized that the GSA would significantly correlate with regional radiographic parameters along the full-body axis, as well as clinical outcome scores.
Methods

Study Design
This institutional review board-approved study is a single-center retrospective review of patients who underwent full-body stereoradiography for adult spinal deformity based on their chart diagnoses between 2012 and 2014. For inclusion, patients must have completed their healthrelated quality of life (HRQOL) questionnaires within 1 week (before or after) of clinical consultation and radiographic imaging. Patients with fractures, malignancies, infections, neuromuscular scoliosis, ankylosing spondylitis, or diffuse idiopathic skeletal hyperostosis were excluded.
Data collection and radiographic analysis
Data collected consisted of basic demographic information including age, sex, body mass index, and history of previous spine surgery, as well as the following HRQOL questionnaires: Oswestry Disability Index (ODI), Scoliosis Research Society-22, refined (SRS22r), EuroQol-5D (EQ-5D), and visual analog scale (VAS) for back and leg pain.
Full-body radiographic analysis was performed using Surgimap (Nemaris, Inc.), a validated software. 19 Spinopelvic radiographic parameters included pelvic incidence (PI), lumbar lordosis (LL), pelvic tilt (PT), C7-S1 sagittal vertical axis (SVA), and T-1 pelvic angle (TPA). Lowerextremity radiographic parameters included knee flexion angle (KA), ankle flexion angle, and pelvic shift. Craniocervical radiographic parameters included C2-7 cervical curvature, C2-7 SVA, and chin-brow vertical angle (CBVA). The GSA was defined as the angle formed by a line from the midpoint of the 2 distal femoral condyles to the center of C-7, and a line from the midpoint between the 2 distal femoral condyles to the posterior superior corner of the S-1 sacral endplate (Fig. 1) .
clinical outcomes analysis
The mean values, SDs, and ranges for all radiographic parameters were described. Pearson correlation was performed to investigate the relationship between the GSA and full-body radiographic parameters, as well as between radiographic parameters and HRQOL. A linear regression model was used, with GSA as the dependent variable and PT as an independent variable, controlling for global deformity (measured by TPA), pelvic morphology (measured by PI), and sex. Then, the same model was performed, but KA and pelvic shift were added as independent variables. A linear regression model was again performed to predict ODI scores based on GSA values, and thresholds of GSA corresponding to ODI values of 20, 30, and 40 were identified.
results
Patient Population
One hundred forty-three patients met inclusion criteria, all with diagnoses of degenerative lumbar scoliosis, progressive idiopathic scoliosis, or kyphoscoliosis. The mean age of the cohort was 44.1 ± 22.1 years; 46.8% of patients were younger than 45 years, 30.8% of patients were between 45 and 65 years, and 22.3% were older than 65 years. Seventy-eight percent of patients were women, and the mean body mass index was 24.3 kg/m 2 . Sixty-five percent of patients had no history of spine surgery. Patients had the following HRQOL mean scores: ODI 24.8 ± 22.3, range 0-100; SRS22r 3.4 ± 0.7, range 1.7-4.7; EQ-5D 7.8 ± 2.2, range 5-14; VAS back 4.8 ± 3.3, range 0-10; and VAS leg 2.5 ± 3.4, range 0-10.
radiographic Measurements
The mean GSA was 0.7° ± 5.9° (range -8.2° to 19.5°). The cohort had a mean PI of 53.6° 
correlation analysis
The GSA significantly correlated with the classic SRSSchwab spinopelvic sagittal modifiers (PI-LL, PT, and SVA), as well as lower-limb and craniocervical parameters. Correlation coefficients are reported in Table 1 ; all correlations were significant (p < 0.05).
The GSA significantly correlated with all HRQOL scores. The GSA had better correlations with ODI, SRS22r, EQ-5D, and VAS leg pain scores than with any of the other radiographic parameters. After SVA, GSA was the second most correlated parameter with VAS back pain. Correlation coefficients are reported in Table 2 .
regression analysis
Analysis of standardized coefficients of the regression analysis between the GSA and other sagittal spinopelvic parameters revealed that when controlling for deformity (TPA), PI, and sex, the GSA increased (beta +1.991) with a concurrent decrease in PT (-1.232). These findings echoed those of ODI, EQ-5D, VAS back/leg pain, and SRS22r (Table 3) .
Adding KA and pelvic shift as independent variables to the regression analysis revealed an increase in the GSA with a concurrent increase of KA and pelvic shift, reflected by standardized coefficients of +0.287 and +0.193, respectively. The TPA and PT standardized coefficients in this model were +1.324 and -0.837, respectively: r = 0.996.
Regression between ODI, classic parameters (SVA, PT, and PI-LL), and lower-limb parameters retained the GSA as an independent predictor (r = 0.517, r 2 = 0.267; p < 0.001). Greater GSA values were associated with increased scores of disability: -1.5° for ODI = 20, 4° for ODI = 30, and 9° for ODI = 40.
Discussion clinical relevance of the gSa
The present study introduced the GSA, a simple and novel measurement that correlates with established sagittal spinopelvic radiographic parameters. Moreover, the GSA expands our understanding of the spine and pelvis to include the full-body axis. The GSA is sensitive to spine, pelvic, and lower-extremity compensatory changes in the sagittal plane and holds one of the strongest correlations with patient-reported clinical scores reported in the literature (0.6 for EQ-5D). The advantage of the GSA is that it reflects different stages of deformity more accurately than previously defined spinopelvic parameters. Specifically, the GSA becomes a critically important alignment parameter in assessing 2 types of patients: those whose spine is severely deformed and subsequently recruit lower-limb compensations after pelvic retroversion is exhausted; and those who do not have the ability to compensate by pelvic retroversion. The GSA is able to reflect the disability of these 2 populations because of the involvement of lower limbs in the sagittal profile.
Researchers have attempted to deconstruct the complex system of the sagittal plane into regional radiographic parameters to evaluate different musculoskeletal components. 7, 10, 18 Studies by both Dubousset and Duval-Beaupère et al. highlighted the importance of incorporating the pelvis in the assessment of spinal malalignment. 3, 4 The pelvis provides a highly mobile intercalated segment between the trunk and lower limbs that is mediated through the hip joint. Although the pelvis has been extensively studied in the spinal literature, the lower limbs are beginning to be investigated using full-body radiographic images. Lowerextremity compensation via increased flexion of the knees and ankles and subsequent pelvic shift plays a significant role in attempts at sagittal realignment and is therefore the direct effect of a pathological spinal deformity. 2, 6, 16, 17 Measurement of multiple radiographic spinopelvic parameters in a patient with deformity offers insight into the relationship between deformity and compensation. However, performing these analyses could be cumbersome for clinicians, because they require time and experience with multiple parameters. The GSA offers a simple and efficient method to capture clinically relevant information on standing alignment and to understand the implied disability. Indeed, the value of the GSA as a simple method to assess standing sagittal alignment should support its use as a screening tool. Once the deformity is identified, more detailed traditional analysis would obviously be required to understand the etiology of the pathology as well as the surgical plan.
the compensation cascade
Compensation for spinal malalignment by pelvic retroversion around the femoral heads reaches a limit as maximal hip extension is achieved. When greater compensation is needed or when hip pathology limits compensation, the lower extremities increase flexion of the knees and ankles. This coupled motion offers a patient the ability to translate the pelvis posteriorly with respect to the feet. In turn, such a maneuver regulates the anterior truncal shift caused by sagittal malalignment and maintains the gravity line projection between the feet. It is at this point that the GSA, which is anchored at the knee, demonstrates significant correlation with patient-reported clinical outcome scores, demonstrating the clinical relevance of the knees in the consideration of sagittal plane stance. Although the GSA does not directly include ankle measurement, we hypothesized that the compensatory actions of the knee and ankle are intricately linked and usually occur concurrently. Therefore, the GSA may represent the total contributions of the knees and ankles in the compensation for sagittal malalignment.
radiographic Parameters, hrQol Scores, and the gap The literature is replete with radiographic parameters that increase with malalignment, compensation, or both. However, patients in whom there is a failure to recruit pelvic retroversion to counteract their spinal malalignment have been shown to be more disabled. 10 Ironically, the radiographic analysis of this subset of patients using 1 angular measure often reveals less severe deformity compared with patients with compensated alignment (Fig. 2) . Thus, 2 parameters are used to distinguish among patients with similar malalignment (e.g., SVA) and different compensation (e.g., PT).
In this study, the regression analysis showed that after controlling for deformity, the GSA increases with decreased pelvic compensation. These findings were also observed for clinical outcomes scores. It is possible that these patients bypass pelvic compensation because of gluteal weakness, fatigue, or hip pathology, and instead compensate with their lower limbs, manifesting in an increased GSA. Whereas 1 traditional spinopelvic parameter may underestimate the deformity in these patients, the GSA captures the effects of the pelvis and subpelvis compensatory mechanisms.
the Musculoskeletal System is 1 Unit
This study strives to illustrate the importance and utility of the GSA parameter as it relates to the spine, pelvis, and lower extremities. The GSA provides spine surgeons, adult reconstructive surgeons, and researchers with a common language to describe the full-body standing alignment. Additionally, understanding the interaction between the skeletal components, chiefly the hip and knee joints, is vital. Chronic pathology such as sagittal deformity, which may occur over decades of degenerative changes, tends to engage several components of the standing axis. Clinically, primary pathologies of the spine, hips, and knees often present simultaneously in patients. In patients with a single or bilateral joint complaint, the GSA may assist in early recognition of a more severe underlying problem. The GSA offers a view of global standing ability, which is supported by strong statistical relationships with each regional parameter along the full-body axis. Full-body sagittal malalignment is a problem that incorporates each component of the musculoskeletal system. The GSA is a parameter that may help surgeons efficiently evaluate the interplay between the spine, pelvis, and lower limbs in the sagittal plane.
limitations and Future work
The GSA evaluates static postural alignment. One should always remember that radiographs are bone shadows and are merely 1 tool to understand the comprehensive picture of the deformity. A snapshot analysis with 1 parameter has inherent limitations, e.g., the current data were compiled from the initial clinic visit for every patient in the study, and thus represent a patient population at a specific point in their clinical pathology. Understanding the patient's deformity in the overall context and evolution of his or her disease is crucial for treatment. Further studies should investigate the GSA concept with 2 or more time points as well as the relevance of the GSA in other populations, including those with lower-limb joint pathologies. Finally, the availability of full-body imaging, and therefore any lower-limb parameters, is still limited to centers with dedicated imaging technology or to research institutions with interest in the full-body sagittal profile. However, as the understanding of musculoskeletal deformity progresses, the use of full-body imaging for patients may become more widespread.
conclusions
The GSA is a simple, novel measure to assess the sagittal standing axis of the human body. The GSA is highly correlated with spinal, pelvic, and lower-extremity sagittal parameters and exhibited remarkable correlations with patient-reported clinical scores, exceeding many other parameters commonly reported in the literature. In both severe sagittal deformity and the absence of pelvic compensation, the GSA is able to represent the involvement of the lower limbs. Moreover, the GSA is a strong indicator of patient disability and clinical scores. The GSA provides a common, efficacious parameter by which health care providers can communicate the deterioration of standing alignment while addressing a regional sagittal deformity anywhere from the cervical region to the ankles. 
